(12) INTEl^AtibN^ APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Properly Organization 
International Bureau 

(43) International Publication Date 
14 March 2002 (14.03.2002) 



is 



PCT 



liMBiiiieiiiiifiRiiiiii 

(10) International Publication Number 

WO 02/21542 Al 



(51) International Patent Oasii Citation 7 : 
(21) International Application Number: rCT/US0)/28266 



H01 C 7/00 (71) Applicant: AXON TECHNOLOGIES CORPORA- 
TION [US/US); 1435 North Hayden Road, Scortsdale, AZ 
85257 (US): 



(22) International Filing Dfcte: 

10 September 2001 (10.09.2001) 



(25) Filing Language: 

(26) Publication Language: 



English 



English 



(30) Priority Data: 
60/231,342 
6W23I343 
60/2^1,345 
60/231,346 
60/231,350 
60^2^1,427 
60/282,045 
60283,591 
60/291,886 



8 September 2000 (08.09.2000) US 

8 September 2000 (08.09-2000) US 

8 September 2000 (08.09-2000) US 

8 September 2000 (08.09.2000) US 

8 September 2000 (08.09.2000) US 

8 September 2000 (08.69.2000) US 

6,ApriI 2001 (06.04.2001) US 

13 April 2001 (13.04.2001) US 

18 May 2001 (18.65.2001) US 



(72) Inventors: KOZ1CKJ, Michael, N*; 14624 South 23rd 
Street, Phoenix, A2 85048 (US). MITKOVA, Maria; - 
(**). 

(74) Agent: P1LL0TC, Cynthia, U; Snell & Wihner L.LP., 
One Arizona Center, 400 East Van Buren, Phoenix, AZ 
85004-0001 (US). 

(81) Designated States (national): AB, AO, AL, AM, AT, AU, 
AZ, BA, BB, BO, BR, BY, BZ, CA, CH, CN, CO, CR, CU, 
CZ,DB,DK,DM,DZ>BC,EE,ES.Fi, GB, GD, GE, GH, 
GM, HR, HU, ID, 1L, IN, IS, Ji>XE, KG, KP, KR, KZ, LC, 
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, 
MX, MZ, NO, NZ, PH, PL, FT, RO, RU, SO, SB, SG, SI, 
SK, SL, TJ, TM, TR, TT, TZ, UA, UG, UZ, VN, YU, ZA, 

zw. 

(84) Designated States (regional): ARXPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 

[Continued on next page] 



(54) Tit le: MICROELECTRONIC PROGRAMMABLE DEVICE AND METHODS OF FORMING AND PROGRAMMING THE 
SAME 



165 
H 



100 
s 
t 

M 

I 

. I 
\ 

112 



114- 



120 



7771/ 



;£<L ....... 



ViiD 

in 

rH 

rl 
o 

O < 57 ) Abstract: A microelectronic programmable structure and methods of forming and programming the structure are disclosed. 
^ The programmable structure generally include an ion conductor (140) and a plurality of electrodes (160, 120). Electrical properties 
^ of the structure may be altered by applying a bias across the electrodes, and thus information may be stored using the structure. 
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AND METHODS OF FORMING AND PROGRAMMING THE SAME 



FIELD OF THE INVENTION 
The present invention generally relates to microelectronic devices. More 
particularly, the invention relates to programmable microelectronic structtires suitable for 
use in integrated circuits. 

BACKGROUND OF THE INVENTION 

Memory devices are often used in electronic systems and computers to store 
information in the form of binary data. These memory devices may be characterized into 
various types, each type having associated with h various advantages and disadvantages. 

For example, random access memory ("RAM") which may be found in personal 
computers is typically volatile semiconductor memory, in other words, the stored data is lost 
if the power source is disconnected or removed. Dynamic RAM ("DRAM") is particularly 
volatile in that it must be "refreshed" {i.e., recharged) every few microseconds in order to 
maintain the stored data. Static RAM ("SRAM') will hold the data after one writing so long 
as the power source is. maintained; once the power source is disconnected, however, the data 
is lost. Thus, in these volatile memory configurations, information is only retained so' long 
as the power to the system is not turned off. In general, these RAM devices can take up 
significant chip area and therefore may be expensive to manufacture and cohsuime relatively 
large amounts of energy for data storage. Accordingly, improved memory devices suitable 
for use in personal computers and the like are desirable. 

Other storage devices such as magnetic storage devices (e.g., floppy disks, hard disks 
arid inagnetic tape) as well as other systems, such as optical disks, C3)-RW and DVD-RW 
are holt-volatile, have extremely high capacity, and can be rewritten iiiany times. 
Unfortunately, these meinory devices are physically large, are shockAriliratioii-seiishive, 
retjuife expensive mechanical drives, and may consume relatively large amounts of power. 
These negative aspects make such memory devices non-ideal for low power portable 
applications such as lap-top and palm-top computers, personal digital assistants ("PDAs"), 
and the like. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 
computer systems in which stored information changes regularly, low energy read/write 
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semiconductor memories have become increasingly desirable and wde^pread. Furthermore, 
because tlibse portable systems often require data storage when the power is turned off, non- 
volatile storage device are desired for use in suchsystenis. 

One type Of programmable semiconductor nonvolatile memory device suitable for 
5 use in Such systems is a prograntthable readonly memory ( ,e PRONP) device.' One type of 
P&OM, a write-once f ead-itiany ("WORlVT) device, uses an airay Of fusible links. Once 
programmed, the WORM device cannot be reprogrammed. 

Other forms of PROM devices include erasable PROM ("EPROM") and electrically 
erasable PROM (0BPROM) devices, iVhich are alterable after an initial programming. 

10 EPROM devices geherafly require aih erase step involving exposure to ultra violet light prior 
to programming the device. Thus, such devices are generally not well suited for use in 
portable electronic devices. EEPROM devices are generally easier to program, but suffer 
from other deficiencies. In particular, EEPROM devices are relatively complex, are 
relatively difficult to manufacture, and are relatively large. Furthermore, a circuit including 

15 EEPROM devices rriust withstand the high voltages necessary to program the device. 
Consequently, EEPROM Cost per bit of memory capacity is extremely high compared with 
other means of data storage. Another disadvantage of EEPROM devices is that, although 
they can retain data without having the power source connected, they require relatively large 
amounts of power to program; This power dram can be considerable in a compact portable 

20 system powered by:a battery. 

In view of the various problems associated with conventional data storage devices 
described above, a relatively non-volatile, programmable device which is relatively simple 
and inexpensive to produce is desired. Furthermore, this memory technology should meet 
the requirements of the neW generation of portable computer devices by operating at a 
25 ' relatively few voltage tvhile providing high storage density and a low i^tifacturiiig cost 

SUMMARY OI? THE INVENTION 
Tfhe present invention provides improved microelectronic devices for use in 
integrated circuits. More particularly, the invention provides relatively non-volatile, 
30 programmable devices suitable for memory and other integrated rircoits. 

The ways in which the present invention addresses various drawbacks of now-known 
programmable devices are discussed in greater detail below. However, in general, the 
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present iriventicm provides a programmable device that is relatively easy Snd inexpensive to 
manufacture, and which is relatively easy to program 

In accordance with one exemplary embodiment of the present invention, a 
pro^ammable structure includes ah ion conductor and at least two electrodes. The structure 
5 is configured such that when a bias is applied across two electrodes, one or more electrical 
properties of the structure change. In accordance with one aspect of this embodiment, a 
resistance across the structure changes when a bias is applied across the electrodes. In 
accordance with other aspects of this embodiment, a capacitance or other electrical property 
of the structure changes upon application of a bias across the electrodes. One or more of 
i 0 . these electrical changes may suitably be detected. Thus, stored information may be retrieved 
from a circuit including the structure. 

In accordance with another exemplary embodiment of the invention, a programmable 
structure includes an ion conductor, at least two electrodes, and a barrier interposed between 
at least a portion of one of the electrodes and the ion conductor. In accordance with one 
15 .aspect of this embodiment the barrier material includes a material configured to reduce 
diffusion of ions between the ion conductor and at least one electrode. The diflusion barrier 
may also serve to prevent undesired electrddepbsit growth within a portion of the structure. 
In accordance with another aspect, the barrier material includes an insulating material. 
Inclusion of an insulating material increases the voltage required to reduce the resistance of 
20 the device. In accordance with yet another aspect of this embodiment, the barrier includes 
material that conducts ions, but which is relatively resistant to the conduction of electrons. 
Use of such material may reduce undesired plating at an electrode and increase the thermal 
stability of the device. 

In accordance wim aho 

^ . *,' ■', ™tf oe,e ^ on, 'c structure is formed on a surface of a substrate by forming a first electrode on 
the substrate, depositing a layer of ion conductor material over the first electrode, and 
depositing conductive material Ohio the ion conductor material. In accordance with one 
aspect of tins embodiment, a solid solution including the ion conductor and excess 
conductive material is formed by dissolving (e.g., via thermal and/or photodissobtion) a 

30 portion of the conductive material in the ion conductor. In accordance with a further aspect, 
only a portion of the conductive material is dissolved, such that a portion of the conductive 
material remains oh a surface of the ion conductor to form an electrode on a surface of the 
ion conductor material. 
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Iii accordance with another embodiment of the present invention, at least a portion of 
! a programmable structure is formed within a through-hole or via in an insulating material. 
In accordance with one aspect of this embodiment, a first electrode feature is formed on a 
surface of a substrate, insulating material is deposited onto a surface of the electrode feature, 
a via is formed within the insulating material, and a portion of the programmable structure is 
formed within the via After the via is formed within the insulating material, a portion of the 
structure within the via is formed by depositing an ion conductive material onto the 
conductive material, depositing a second electrode material onto the ion conductive material, 
and, if desired, removing any excess electrode, ion conductor, and/or insulating material. In 
accordance with another aspect of this embodiment, only the ion conductor is formed within 
the via. In this case, a first electrode is formed below the insulating material an in contact 
with the ion conductor, and the second electrode is formed above the insulating material and 
in contact with the ion conductor. The configuration of the via may be changed to alter (e.g, 
reduce) a contact area between one or more of the electrodes and the ion conductor. 
Reducing , the cross-sectional area of the interface between the ion conductor and the 
electrode iricreases the efficiency of the device (change in electrical property per amount of 
power supplied to the device). In accordance with another aspect of this embodiment, the 
via may extend through the lower electrode to reduce the interface area, between the 
electrode and the ion conductor. In accordance with yet another aspect of this embodiment, 
a portion of the ion conductor may be removed from the via or the ion conductor material 
may be directionally deposited into only a portion of the via to further reduce an interface 
between an electrode and the ion conductor. 

In accordance with another embodiment of the invention, a programmable device 
may be formed on a surface of a substrate. 

. . In accordance with a further exemplary embodiment of the invention, multiple bits of 
iiifofmation are stored in a single programmable structure.. In accordance with one aspect of 
this effibodMemv a pfdgrammable structure includes a floating electrode interposed between 
two additional electrodes. 

In accordance with yet another embodiment of the inv^^ 
devices are coupled together using a common electrode (eg., a common anode or a common 
cathode)! 

In accordance with yet another embodiment of the invention, multiple programmable 
devices share a common electrode. 
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In accordance with yet a further exemplary embodiment of the present invention, a 
capacitance of a programmable structure is altered by causing ions -within an ion conductor 
of the structure to ini grate. 

BRIEF DESC RIPTION OF THE DRAWINGS 

A more complete understanding of the present invention may be derived' by referring 
to the detailed description and claims, considered in connection with the figures, wherein 
like reference numbers refer to similar elements throughout the figures, and: 

Figure 1 is a cross-sectional illustration of a programmable structure formed on a 
surface of a substrate in accordance with the present invention; 

Figure 2 is a cross-sectional illustration of a programmable structure in accordance 
with an alternative embodiment of the present invention; 

Figure 3 is a current-voltage diagram illustrating current and voltage characteristics 
of the device illustrated in Figure 2 in an "on" and "off* state; 

Figure 4 is a cross-sectional illustration of a programmable structure in accordance 
with yet another embodiment of the present invention; 

Figure 5 is a schematic illustration of a portion of a memory device in accordance 
Tvith an exemplary embodiment of the present invention; 

Figure 6 is a schematic illustration of a portion of a memory device in accordance 
with an alternative embodiment of the present invention; 

Figures 7 and 8 are a cross-sectional illustrations of a programmable structure having 
an ion conductor/electrode contact interface formed about a perimeter of the ion conductor in 
accordance with another embodiment of the present invention; 

Figures 9 and 10 are a cross-sectional illustrations of a programmable structure 
hiving px idti conductbr/electrode contact interface formed abotit a perimeter of the ion 
(^jadiiidtbr in icccifdahce With yet another embodiment of the presort tamrtioii; 

Figures 1 1 arid 12 illustrate a jrojgtammable device having a horizontal configuration 
in accordance with the present invention; 

Figtures 13-19 illustrate programmable device structures with reduced electrode/ion 
conductor interface surface area in accordance with the present invention; 

Figure 20 illustrates a programmable device with a tapered ion conductor in 
accordance with the present invention; 
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Figures 21-24 illustrate a programmable device including a floating electrode in 
accdrdance with the present invention; and 

Figures 25-29 illustrate common electrode programmable device structures in 
accordance with the present invention. 

Skilled artisans will appreciate that elements in the figures are illustrated for 
simplicity and clarity and have not necessarily been drawn to scale. For example, the 
dimensions of some of the elements in the figures may be exaggerated relative to other 
elements lb help to improve understanding of embodiments of the present invention. 



PET An ,FT> DFSCRTPTIOM OF EXEMPT .ARY HMBODTMRNT t S 
The present invention generally relates to microelectronic devices. More 
particularly, the invention relates to programmable structures or devices suitable for various 
integrated circuit applications. 

Figures 1 and 2 illustrate programmable microelectronic structures 100 and 200 
formed on a surface of a substrate 1 10 in accordance with an exemplary embodiment of the 
present invention. Structures 100 and 200 include electrodes 120 and 130, an ion conductor 
140, and optionally include buffer or barrier layers 155 and/or 255. 

Generally, structures 100 and 200 are configured such that when a bias greater than a 
threshbid voltage (V T ), discussed in more detail below, is applied across electrodes 120 and 
130, the electrical properties of structure 100 change. For example, in accordance with one 
embodiment of the invention, as a voltage V 2; V T is applied across electrodes 120 and 130, 
conductive ions within ion conductor 140 begin to migrate and form an electrodepbsit (e.g., 
electrodepbsh 160) at or near the more negative of electrodes 120 and 130; such an 
electrbdepbsit, however, is not required to practice the present inventioa The term 
25 V^^° d< *°^ « fised herein means any area, within the ion conductor that has ah 
: increased conctfraimoh of reduced metal or other- conductive material compared to the 
concentration of such material in the bulk ion conductor material. As the electrodeposit 
forms, the resistance between electrodes 120 and 130 decreases, and other electrical 
properties may also change. In the absence of any insulating barriers, which are discussed in 
more detail below, the threshold voltage required to grow the electrodeposit from one 
electrode toward the other and thereby significantly reduce the resistance of the device is 
approximately the redox potential of the system, typically a few hundred millivolts. If the 
same voltage is applied in reverse, the electrodeposit will dissolve back into the ion 
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cbhifoctbr and the device will return to a high resistance state. In accordance with other 
embodiments of the invention, application of an electric field between electrodes 120 and 
130 may cause ions dissolved within conductor 140 to migrate and thus cause a change in 
the electrical properties of device 1 00, without the formation of an electrodeposh. Structures 
5 1 00 arid 200 may be used to store information and thus may be used in memory circuits. For 
example, structure 100 or other programmable structures in accordance with the present 
invention may suitably be used in memory devices to replace DRAM, SRAM, PROM, 
EPROM, or EEPROM devices. In addition, programmable structures of the present 
invention may be used for other applications where programming or changing of electrical 
10 properties of a portion of an electrical circuit are desired. 

Substrate 1 10 may include any suitable material. For example, substrate 110 may 
include seimcbiiductive, conductive, semiinsulative, irisulative material, or any combination 
of such materials. In accordance with one embodiment of the invention, substrate 110 
includes an insulating material 112 and a portion 114 including microelectronic devices 
15 formed on a seiriiconductor substrate. Layers 112 and 114 may be separated by additional 
layers (not shown) such as, for example, layers typically used to form integrated circuits. 
Because the programmable structures can be formed over insulating or other materials, the 
programmable structures of the present invention are particularly well suited for applications 
where substrate (e.g., semiconductor material) space is a premium. 

Hectrbdes 120 and 130 may be formed of any suitable conductive material. For 
example, electrodes 120 and 130 may be formed of doped poly silicon material or metal. 

In accordance with one exemplary embodiment of the invention, one of electrodes 
120 and 130 is formed of a material including a metal that dissolves in ion conductor 140 
when a sufficient bias (V £ Vf) is applied across the electrodes (oxidizable electrode) and 
•tKfe otM electrode is relatively inert and does not dissolve during operation of the 
^d^iindaabje. dc&ce' (an indifferent electrode). For example, electrode 120 may be an 
abode during a write process and be comprised of a material including silver that dissolves in 
ion conductor 140 and electrode 130 may be a cathode during the write process and be 
comprised of ah inert material such as tungsten, nickel, molybdenum, platinum, metal 
silicides, and the like. Having at least one electrode formed of a material including a metal 
which dissolves in ion conductor 140 facilitates maintaining a desired dissolved metal 
concentration within ion conductor 140, which in turn facilitates rapid and stable 
electrodeposh 160 formation within ion conductor 140 or other electrical property change 
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; diiring use 6f strtcfbre l6o and/or 200. Furthemoie, use of an inert material for the other 
electifbdfe (cathode during a write operation), facilitates electrodissohition of any 
electir6dfeposit that may have formed arid/or return of the programmable device to an erased 
Mfcr application of a sufficient voltage. 
During an erase Operation, dissolution of any electrodeposit that may have formed 

^ : ]pr^a%. beg^s ait or near ihe oxidizable electrode/electfodeposit interface. Initial 
dis&totiaii of the elefctrbdq^sit at the oxidizable electrbde/electrodepdsit interface may be 
fadtliiated by fonmng structure 100 such that the resistance of the at the oxidizable 
electrode/electrodeposit interface is greater than the resistance at any other point along the 
electrodeposit, particularly, the interface between the electrodeposit and the indifferent 
electrode. 

Oiife way to achieve relatively low resistance at the indifferent electrode is to form the 
el&tibde of relatively inert, non-oxidizing material such as platinum. Use of such material 
reAicfes foiiiiatiofc of oxides at the interface. between ion conductor 140 and the indifferent 
efectrode dis well as the formation of compounds or mixtures of the electrode material and 
iOn conductor 140 material, \vhich typically have a higher resistance than ion conductor 140 
or the electrode material. 

Relatively low resistance at the indifferent electrode may also be obtained by 
iteniiibg a tarriex lay^ between the Oxidizable electrode (anode during a write operation), 
Wherein the barrier layer is formed of material having a relatively high resistance. 
E^feniplary high resistance materials include layers (e.g., layer 155 and/or layer 255) of ion 
coiiduc^g material (&g:, Ag»0, Ag,S, Ag,Se, Ag I Te, where x ^ 2, Ag y I, where x k 1, 
•pf&itCaO/QaSi CuSe, CuT^ Geb 2 , or S1O2) interposed betweeh ion conductor 140 and a 
tiietal layer &ch aS silver. Some of these materials have additional benefits as discussed in 

.*;:. . .yMiiable grbwth afid dissolution of ari electrodeposit dan alsb be facilitated by 
providing a rbtighened indifferent electrode surface (e.g., a foot mean square roughness of 
gffckteir than about 1 nm) at the dectrodefion conductor interface. The roughened surface 
may be formed by manipulating film deposition parameters and/or by etching a portion of 
one Of the electrode of ion conductor surfaces. During a write operation, relatively high 
electrical fields form about the spikes or peaks of the roughened surface, and thus the 
electrodeposits are more likely to form about the spikes or peaks. As a result, .more reliable 
and uniform changes in electrical properties for an applied voltage across electrodes 120 and 
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13t>. may be obtained by providing a roughed interface between the indifferent electrode 
: (cathode; during a write operation) and ion conductor 140. 

0£dizabie electrode material may have a tendency to thermally dissolve or diffuse 
into ion conductor 140, particularly during fabrication and/or operation of structure 100. 
$ The thernial diffusion is undesired because it may redute the resistance of structure 1 00 and 
thus reduce the change of an electrical property during use of structure 100. 

To reduce undesired diffusion of oxidizable electrode material into ion conductor 1 40 
and in accordance with another embodiment of the invention, the oxidizable electrode 
ihclu^ in a transition metial sulfide or selenide material such as 

10 A,(MB2)i.^ where A is Ag or Cu, B is S or Se, M is a transition metal such as Ta, V, and H, 
&hd x ranges from ab6ut 0.1 to abdut 0.7. The intercalated material mitigates undesired 
thermal diffusion 6f the metal (Ag or Cu) into the ion conductor material, while allowing the 
metal to participate in the electrodejposit growth upon application of a sufficient voltage 
across electrodes 120 and 130. For example, when silver in intercalated into a TaS2 film, the 
15: TaSi film c&n include up to about 66.8 atomic percent silver. The A^Q^)^ material is 
preferably amorphous to prevent to prevent undesired diffusion of the metal though the 
material The ainorphous material may be formed by, for example, physical vapor 
. deposition of a target material comprising AxQABz)^ 

ot-Agj is another suitable material for the oxidizable electrode, as well as the 
26 indigent electrode. Similar to the A^CMB^i* material discussed above, a-Agl can serve 
as a source of Ag ohmng ojperation of structure 100— e.g., upon application of a sufficient 
bias> but the silver in the Agl material does not readily thermally diffuse into ion conductor 
140. Agl has a relatively low activation energy for conduction of electricity and does not 
require doping to achieve relatively high conductivity. When the oxidizable electrode is 
fbrlnbd of Agl, depletion of silver in the Agl layer inay arise Airing operation of structure 
■ - v 100, lihlfess fexefes's sirv^r lflt pfbvided to the electrode. One way to provide the excess silver 
is to form a silver layer adjacent the Agl layer as disdossed above when Agl is used as a 
buffer layer. The Agl layer (e:g., layer 155 and/or 255) reduces thennal diffusion of Ag into 
icfo conductor 140, but does not significantly affect conduction of Ag during operation of 
30 structure 100. In addition, use of Agl increaises the operational efficiency of structure 100 
because the Agl mitigates non-Faradaic conduction (conduction of electrons that do not 
participate in the electrochemical reaction). 
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Other materials suitable for biiffer layers 155 and/or 255 include GeOi and SiO x . 
: Ambipfio\Js Ge02 is relatively pdroiis an will "soak up" silver during operation of device 
\66> but will retard the thermal difiusion of silver to ion conductor 140, compared to 
stractui& or deuces that do riot inchide a buffer layer. When ion conductor 140 includes 
. g&xn^um, GeOi may be formed by exposing ion conductor 140 to an oxidizing 
. ravirofim^t at a temperature of about 300 °C to about 800 °C or by exposing ion conductor 
, .140 to an oxidizing environment in the presence of radiation having an energy greater than 
the baric! gaj> of the ion conductor material. The Ge02 may also be deposited using physical 
vapor deposition (from a Ge0 2 target) or chemical vapor deposition (from GeH4 and an O2). 

Btiffer layers can also be uscsd to increase a "write voltage" by placing the buffer 
Ikyer (e;g. y Ge0 2 or SiO,) betwieeri ion conductor 140 and the indifferent electrode. The 
buffer material allbtvs metal such as silver to diffuse though the buffer and take part in the 
electrochemical reaction. 

In accordance with one embodiment of the invention, at least one electrode 120 and 
130 is fonfied of iftaterial suitable for use as ah interconnect metal. For example, electrode 
130-Bdfay form part of an iiitercbjttnect structure vrithin a semiconductor integrated circuit. In 
accdfrdahfce with cfob aspect of this embodiment, electrode 130 is formed of a material that is 
Substantially insoluble in material comprising ion conductbr 140. Exemplary materials 
suitable fof both interconnect and electrode 130 material include metals and compounds 
such as tuhgstish, nickel, molybdenum, platinum, metal silicides, and the like. 

Layers 155 arid/or 255 may also include a material that restricts migration of ions 
betWten conductor 140 and the electrodes. In accordance with exemplary embodiments of 
the invention, a barrier layer includes Conducting material such as titanium nitride^ titanium 
tin^ a combination thereof, or the like. The barrier may be electrically indifferent, /.e., 
■tt^o^ through structure 100 or 200, but it does not itself 

(^ntiabflte i6ns to cOndiicBoii thrbu^h structure 200. An electrically indifferent barrier may 
f educe und&ired dendrite gfdwth during operation of the programmable device, and thus 
ritay facilitate an "erasfe" or dissolution of electrodeposit 160 when a bias is applied which is 
opposite to that used to grow the electrodeposit. In addition, use of a conducting barrier 
allows for the "indifferent" electrode to be formed of oxidizable material because the barrier 
prevents diffusion of the electrode material to the ion conductor. 

Ion conductor 140 is formed of material that conducts ions upon application of a 
sufficient voltage. Suitable materials for ion conductor 140 include glasses and 

10 
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^Mbdntbctbr materials: In one exemplary embodiment of the invention^ ion conductor 140 
is formed of chalcogenide material. 

Ion conductor 140 may also suitably include dissolved conductive material. For 
Example, ion conductor 140 may comprise a solid solution that includes dissolved metals 
5 arid/or metal ions. In accordance with one exemplary embodiment of the invention, 
. / cbndfuctor 140 includes metal and/br metal ions dissolved in chalcogenide glass. An 
exemplary Chalcogenide glass with dissolved metal in accordance with the present invention 
includes a solid solution of As^Si^Ag, Ge^Scx-Ag, GeA^Ag, As^i-^Cu,. Ge^Se^Ou, 
'Ge^Si^rCu, where x ranges from about 0.1 to about 0.5 othef chalcogenide materials 
10 including silver, Coppfci^ zinc* combinations of these materials, and the like. In addition, 
conductor 140 may include network modifiers that affects mobility of ions through 
conductor 140. For example, materials such as metals (e.g., silver), halogens, halides, or 
hydfogen may be added to conductor 140 to enhance ion mobility and thus increase 
. erase/write speeds of the structure. 
15 A solid solution suitable for use as ion conductor 140 may be formed in a variety of 

ways. For sample, the solid solution mdy be formed by depositing a layer of conductive 
material such as metal over an ion conductive material such as chalcogenide glass and 
exposing the metal and glass to thermal and/or photo 4's^iution processing. In accordance 
with one exemplary enibodinlent of the invention, a solid solution of As2S 3 -Ag is formed by 
20 depositing AS2S3 onto a subsrirate> depositing a thin film of Ag onto the AS2S3,, and exposing 
the films to light hiving energy greater than the optical gap of the As2S3,-e.&, light having a 
wavelength of less than about 500 nanometers. If desired, network modifiers may be added 
to conductor 140 during deposition of conductor 140 (eg:, the modifier is in the deposited 
Material or present during conductor 140 material deposition) or after conductor 140 material 
-25 is drafted (e.g., by eXpeteing conductor 140 to in atmosphere including the network 
.-■Vn^dififer);'- 

In accordance ivith another embodiment of the invention, a solid solution may be 
fbrmfe'd by depositing one of the constituents onto a substrate of another material layer and 
reacting the first cbnstituent with a.second constituent. . For example, germanium (preferably 
30 amorphous) may be deposited onto a portion of a substrate and the germanium may be 
reacted with BfeSe to foim & Ge-Se glass. Similarly, As can be deposited and reacted with 
the H 2 Se gas, or arsenic or gennanhim can be deposited and reacted wth H 2 S gas. Silver or 
other metal can then be added to the glass as described above. 
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In accordance with one aspect of this embodiment, a 1 solid solution ion conductor 1 40 
is formed by depositing sufficient metal onto an ion conductor material such that a portion of 
th6 metal can be dissolved wthih the ion conductor material and a portion of the metal 
refrains 6n a surface of the ion conductor to form an electrode (e g., electrode 120). In 
5 accordance with alternative embodiments of the invention, solid solutions containing 
■ di&olvied metals iriay be directly deposited onto substrate 110 and the felectrode then formed 
, dvferlying the ioi conductor 

An amount of conductive material such as metal dissolved in an ion conducting 
. material siich as chalcogenide may depend on several factors such as an amount of metal 
10 available for dissolution and an amtfunt of energy applied during the dissolution process. 
However, \vhen a sufficient amount of metal and energy are available for dissolution in 
chalcogenide materialising photodissohition, the dissolution process is thought to be self 
limiting, substantially halting when the metal cations have been reduced to their lowest 
oxidation state: In the case of AS2S3-A& this occurs at Ag4As2S 3 « 2Ag2S + As2S, having a 
1 5 silver concentration of about 44 atomic percent I£ on the other hand, the metal is dissolved 
in the chalcogenide material using thermal dissolution, a higher atomic percentage of metal 
in the solid solution may be obtained, provided a sufficient amount of metal is available for 
dissolution. 

In accordance with a further embodiment of the invention, the solid solution is 
20 formed by photodissohition to form a macrohomogeneous ternary compound and additional 
metal is added to the solution using thermal diffusion (e.g., in an inert environment at a 
temperature of abotit 85 °C to about 150 °C) to form a solid solution containing, for 
example, about 30 to about 50, and preferably about 34 atomic percent silver. Ion 
conductors having a ihietal concentration above the photodissohition solubility level 
25 facilitates formation of electrodeposto thai are thearnally stable at operatiDg temperatures 
• (topically abotit & *C Jo OhM ISO *C) of devices 100 and SOO; Alternatively, the solid 
solution may be formed by thermally dissolving the metal into the ion conductor at the 
temperature noted above; however, stolid solutionis formed exclusively from photodissohition 
are thought to be les$ homogeneous than films having similar metal concentrations formed 
30 using photodissohition and thermal dissolution. 

Ion conductor 140 may also include a filler material, which fills interstices or voids. 
Suitable filler materials include non-oxidizable and non-silver based materials such as a non- 
conducting, immiscible silicon oxide and/or silicon nitride, having a cross-sectional 
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dimension of less than about i um, which do not contribute to the growth of an 
electrotfejiosit; In this case, the filler Material is present in the ion conductor at a volume 
percent of up to about 5 percent to reduce a likelihood that an electrodeposit will 
spohtanebusly dissolve into the supporting ternary material as the device is exposed to 
elevated temperature which leads to more stable device operation without compromising the 
peitfbrmance of the device. loi* conductor 140 may also include filler Material to reduce an 
effective cross-sectional area of the ion conductor. In this case, the concentration of the 
filler material, which may be the same filler material described above but having a cross- 
sectional dimension up to about 50 nm, is present in the ion conductor material at a 
concentration of up to abdut 50 percent by volume, the filler material may also include 
metal such as silver or copper to fill the voids in the fori conductor material. 

In accordance tvith one exemplary embodiment of the invention, ion conductor 140 
includes a gerabanium-selenide glass with silver diffused in the glass. Germanium selenide 
Materials are typically formed from selenium and Ge(Se)^ tdrahedra that may combine in a 
variety of ways. In a Se-rich region, Ge is 'Mold coordinated and Se is 2-fold coordinated, 
which meaiis that a glass composition near Geo.20Seo.80 will have a mean coordination 
number of about 2.4. Glass whh this coordination number is considered by constraint 
counting theory to be optimally constrained and hence very stable with respect to 
devitrification, the network in such a giaiss is known to self-organize and become stress- 
free, iflaking it easy for any additive, e.g., silver, to finely disperse and form a mixed-glass 
solid solution. Accordingly, id accordance with one embodiment of the invention, ion 
conductor 140 includes a glass having a composition of Geo.17SeO.g3 to Geo.25Seo.75. 

The composition and structure of ion conductor 140 material often depends on the 
steirttog or target material used to form the conductor. Generally, ft is desired to form a 
hbmbgfenbus material layer for ^ conductor 140 to fedlitSte reliable and repeatable device 
jpi^ofttiaiiaee. In aec^&ttce ivith one embodiment of the inVenfio^ a target for physical 
vapor deposition of material suitable for ion conductor 140 is formed by selecting a proper 
aifipotile, preparing the ampotiIe> maintaining proper temperatures during formation of the 
glass, SloW rocking the composition, and quenching the conq>ositioa 

Volume and wall thickness are important factors for consideration in selecting an 
ampoule for forming glass. The wall thickness must be thick enough to withstand gas 
pressures that arise during the glass formation process and are preferably thin enough to 
facilitate heat exchange during the formation process. In accordance with exemplary 
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eiinbodimfent of the invention, quartz ampoules with a wall thickness of about 1 min are used 
to form Se and Te based chalcogenide glasses, whereas quartz ampoules with a wall 
thickness of about L5 mm are lised to form sulfur-based chalcogenide glasses. In addition, 
the vblume of the ampoule is preferably selected such that the volume of the ampoule is 
about five times greater than the liquid glass precursor material. 

Once the ampoule is selected, the ampoule is prepared for glass formation, in 
atcbrdaiice with 6nfe embodiment of the invention, by cleaning the amptnile with 
h^drbfluoric acid, ethariol and acetone, drying the ampoule for at least 24 hours at about 120 
°C, evacuating the ampoule and heating the ampoule until the ampoule turns a cherry red 
color and cooling the ampoule under vacoum, filling ampoule with charge arid evacuating 
the ampoule, heating the ampoule while avoiding melting of the constituents to desorb any 
remaining oxygen^ and sealing the ampoule. This profcess reduces oxygen contamination, 
which in turn promotes macrohomogeneous growth of the glass. 

The melting temperature of the glass formation process depends on the glass 
material. In the case of germanium-based glasses, sufficient time for the chalcogen to react 
at low temperature with all available germaruuin is desired to avoid explosion at subsequent 
elevated temperatures (the vapor pressure of Se at 920 °C is 10 ATM. and 20 ATM. for S at 
7i20°C). To reduce the risk of explosion, the glass formation process begins by ramping the 
ampoule temperature to about 300 °C for selenium-based glasses (about 2ti0 °C far sulfur- 
based glassfes) over the period of about an hour and maintaining this temperature for about 
12 hours. Next, the temperature is elevated slowly (about 0.5 °CVmin) up to a temperature 
about 50 °C higher than the liquidus temperature of the material and the ampoule remains at 
about this temperature for about 12 hours; The temperature is them elevated to about 940 °C 
to esnsiire melting of all rioinreacted germanium for Se-based giaSses or abotit 700 & C for S- 
feased glasses lite ampoule should remain ait' this elevated temperature for abdut 24 holirs. 

Th& mdhed glass cotripositioii is preferably slcttf rocked at a rate of about 20/minute 
.'At l&a$t about six hours to increase the homogeneity of the glass. 

Quenching is preferably performed from a temperature at which the vapors and the 
liquid are in an equilibrium to produce vitrification of the desired composition. In this case, 
the quenching temperature is about 50 °C over the liquidus temperature of the glass material. 
ChaIcogenid6*ich glasses include a range of concentrations in which under-constrained and 
over-constrained glasses exist. In cases where the glass composition coordinated number is 
far from the optimal coordination (e.g., coordination numbers of about 2A for Ge-Se 
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systems) the quenching rate has to be fast enough in order to ensttre vitrification, e.g./ 
quenching in ice-water or an even stronger coolant such as a mixture of urea and ice-water. 
In the case of optimally coordinated glasses, quenching can be performed in air at about 25 

In accordance With One exemplary embodiment of the invention, at least a portion of 
structure iOb is formed within a via of ah insulating material 150. Forming a portion of 
structure 100 within a via of an insulating material 150 may be desirable because, among 
other reasons, such formation allows relatively small structure^ e.g. 9 on the order of 10 
nanometers, to be formed. In addition, insulating material 150 facilitates isolating various 
structures 100 from other electrical components. 

Insulating iiaterial 1 50 suitably includes material that prevents undesired diffusion of 
electrons and/or ions from structure 100. In accordance with one embodiment of the 
invention, material 150 includes silicon nitride, silicon oxynitride, polymeric materials such 
as polyimide Or paiylene, or any combination thereof 

A contact 165 may suitably be electrically coupled to one or more electrodes i 20, 130 
to facilitate formiirig electrical contact to the respective electrode. Contact 165 may be 
formed of any conductive material and is preferably formed of a metal such as aluminum, 
aluminum alloys, tungsten, or copper. 

In aocordaiide tviih One embodiment Of the invention, structure 100 is formed by 
forining electrode 130 on substrate 110. Electrode 130 may be formed using any suitable 
method such ais, for example, depositing a layer of electrode 130 material, patterning the 
electrode material, and etching the material to form electrode 130. Insulating layer 150 may 
be formed by depositing insulating material onto electrode 130 and substrate 110 and 
forming vias in the ifcsulatinjg material using appropriate patterning and etching processes. 
Ion conductor 140 and electrode 120 may then be fortified within insulating layer 150 by 
depositing ioii fcOtidtictbr 140 Mrteritf an& electrode 120 i&tteriai ; wit^''the' : via. Such ion 
c&ftductor and electrode material deposition may be selective - the material is 
substantially deposited only within the via, or the deposition processes may- be relatively 
nonselective. If ojae or more non-selective deposition methods are used, any excess 
material remaining on a surface of insulating layer 150 may be removed using, for example, 
chemical mechanical polishing and/or etching techniques. Barrier layers 155 and/or 255 
may similarly be formed using any suitable deposition and/or etch processes. 



15 



WO 02/21542 PC17US01/28266 

lofoririation may be stored using programmable structures of the present invention by 
manipulating one or more electrical properties of the structures. For example, a resistance of 
a structure may be changed from a "0" or off state to a "1" or on state during a suitable write 
operation. Similarly, the device may be changed from a "1" state to a "(T state during an 
erase operation. In addition, as discussed in more detail below, the Structure may have 
multiple programmable states such that multiple bits of information are stored in a single 
structure. 

WRITE OPEkATlQN 

Figure 3 illustrates cudtr&t-voltage characteristics of a programmable structure (e.g. 
structure 2*00) in accordance ivith the present inventioa In the illustrated embodiment, via 
diameter, D, is about 4 microns, conductor 140 is about 35 nanometers thick and formed of 
G^SorAg (near AsgGejSe?), electrode 130 is indifferent and formed of nickel, electrode 
120 is formed of silver, and barrier 255 is a native nickel oxide. As illustrated in Figure 3, 
current through structure 200 in an off state (curve 310) begins to rise upon application of a 
bias of ovtir about one volt; however, once a write step has been performed (/.e., an 
electrodeposit has formed), the resistance through conductor 140 drops significantly (Le., to 
about 200 ohmsX illustrated by curve 320 in Figure 3. As noted above, when electrode 130 
is coupled to a more negative end of a voltage supply, compared to electrode 120, an 
electrodeiposit beghis to forxn near electrode 130 and grow toward electrode 120. An 
effective threshold voltage (i.e., volt&ge required to cause growth of the electrodeposit and to 
bttak through barrier 255, thereby coupling electrodes 320, 330 together is relatively high 
[ because of barrier 255. In particular, a voltage Vx must be applied to structure 200 
sufficient to c#use electrons to tunnel through barrier 255 (when barrier 255 comprises an 
inflating layfer) tb fbrto th^ eledbfodeposh ind to 'overcome the barrier by tunneling 
through or leakage) and conduct through conductor 140 and at le&t a portion of barrier 255. 

In accordance with alternate embodiments of tie invention, where no insolating 
barrier layer is present, an initial 'Nvrite" threshold voltage is relatively low because no 
initiative barrier is formed between, for example, ion conductor 140 and either of the 
electrodes 120, 130. 
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READ OPERATION 

A state of the device (e.g., 1 or 0) may be read, without significantly disturbing the 
State, by, for example, applying a forward or reverse bias of magnitude less than a voltage 
threshold (about 1.4 V for a structure illustrated in Figure 3) for electrodeposition or by 
5 using a current limit which is less thain or equal to the minimum programming current (the 
current which will produce the highest of the on resistance values). A current limited (to 
about 1 milfiamp) read operation is shown in Figure 3. In this case, the voltage is swept 
from 0 to about 2 V and the current rises up to the set limit (from 0 to 0.2 V), indicating a 
..low resistance (ohmic/linear current-Voltage) "on" state. Another way of performing a non- 
10 disturb reoperation is to apply a pulse, with a relatively short duration, which inay have a 
voltage higher than the electrochemical deposition threshold voltage such that fio appreciable 
Faradaic current flows, nearly all the current goes to polarizing/charging the device and 
not into the electrodeposition process. 

15 ERASE OPERATION 

A programmable structure (e.g., structure 200) may suitably be erased by reversing a 
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or 
greater than the threshold voltage for electrodeposition in the reverse directioa In 
accordance with an exemplary embodiment of the invention, a sufficient erase voltage 

20 (V£VT)isapphediosDTJc^^ 

initial connection but is typically less than about 1 millisecond to return structure 200 to its 
"off' state having a resistance well in excess of a million ohms. In cases where the 
programmable structure does not include a barrier between conductor 140 and electrode 120, 
a threshold voltage for erasing the structure is much lower than a threshold voltage for 
25: writing me strucnife because, tinlike toe write operation, the erase operation does hot require 
• electrojd (tunneling through a barrier or barrio bre^dbwa 

CONTROL OF OPERATIONAL PARAMETERS 

The concentration of conductive material m me ion conductor can be controlied by 
applying a bias across the programmable device. For example, metal such as silver may be 
taken out of solution by applying a negative voltage in excess of the reduction potential of 
the conductive material. Conversely, conductive material may be added to the ion conductor 
(from one of the electrodes) by applying a bias in excess of the oxidation potential of the 
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material thus, for example, if the ccfnductive material concentration is above that desired 
for a particular device application, the concentration can be reduced by reverse biasing the 
device to reduce the concentration of the conductive material. Similarly, metal may be 
added to the solution from the oxidizable electrode by applying a sufficient forward bias. 
Additionally, it is possible to remove excess metal build up at the indifferent electrode by 
applying a reverse bias for an extended time or an extended bias over that required to erase 
the device under normal operating conditions. Control of the conductive material may be 
acconiplished autoihaticaliy using a suitable microprocessor. 

This fechniqiie may also be used to form one of the electrodes from material within 
the ion conductor material. Fo* exaiifciple, silver from the ion conductor may be plated out to 
form the oxidizable electrode. This aDOws the oxidizable electrode to be formed after the 
device is folly formed and thus mitigates problems associated with conductive material 
diffusing from the Oxidizable electrode during manufacturing of the device. 

As noted above, in accordance with yet another embodiment of the invention, 
multiple bits of data may be stored within a single programmable structure by controlling an 
amount of elfectrodeposit which is formed during a write process. An amount of 
eleetrodepOsit that forms during a write process depends on a number of coidombs or charge 
supplied to the structure during the write process, and may be controlled by using a current 
limit power source. In this case, a resistance of a programmable structure is governed by 
Equation 1, where Ron is the "on" state resistance, V T is the threshold voltage for 
electrodeposition and Ium is the maximum current allowed to flow during the write 
operatioa 

V T 

Ron ~ " — ~ 
IUM 

Equation 1 

In practice, the limitation to the amount of information stored in each cell will 
depend on how stable each of the resistance states is with time. For esxample^ if a structure is 
with a programmed resistance range of about 3.5 Ul and a resistance drift ovfer a specified 
time for each state is about ±250 12, about 7 equally sized bands of resistance (7 states) could 
be formed, allowing 3 bits of data to be stored within a single structure. In the limit, for near 
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zero drift in resistance in a specified time limit, information could be sfared as a continuum 
of states, i.e., in analog form. 

A portion of an integrated circuit 402, including a programmable structure 400, 
configured to provide additional isolation from electronic components is illustrated' in Figure 
4. In accordance with ah exemplary embodiment of the present invention, structure 400 
• includes electrodes 420 and 430, an ion conductor 440, a contact 460, and an amorphous 
silicon diode 470, such as a Schottky or p-n junction diode, formed between contact 460 and 
electrode 420. Rows and columns of programmable structures 400 may be fabricated into a 
high density configuration to provide extremely large storage densities suitable for memory 
circuits. In general, the maximum storage density of memory devices is limited by the size 
and complexity of the column and row decoder circuitry. However, a programmable 
structure storage stack can be suitably fabricated overlying ah integrated circuit with the 
entire semiconductor chip area dedicated to row/column decode, sense amplifiers, and data 
management circuitry (not shown) since structure 400 need not use any substrate real estate. 
In this manner, storage densities of many gigabits per square centimeter can be attained 
using programmable stiuctures of the present invention. Utilized in this manner, the 
programmable structure is essentially an additive technology that adds capability and 
functionality to existing semiconductor integrated circuit technology. 

Figure 5 schematically illustrates a portion of a memory device including structure 
400 having an isolating p-n junction 470 at an intersection of a bit lihei 5 10 and a word line 
520 of a memory circuit. Figure 6 illustrates an alternative isolation scheme employing a 
transistor 610 interposed between ah electrode and a contact of a programmable structure 
located at an intersection of a bit line 610 and a word line 620 of a memory device. 

Figures 7-10 illustrate programmable devices in accordance with another 
embodiment of the invention. The devices illustrated in Figures 7-10 have an electrode (e.g., 
the cathode during a write process) With a smaller cross sectional area in contact with the ion 
conductor coinpared to the devices illustrated in Figures 1-2 and 4. The smaller electrode 
interface area is thought to increase the efficiency and endurance of the device because an 
increased percentage of ions in the solid solution are able to take part in the electrodeposit 
formation process. Thus any cathode plating from ions that do hot participate in the 
electrodeposit process is reduced. 

Figures 7 and 8 illustrate a cross sectional and a top cut-away view of a 
programmable device 700 including an indifferent electrode 710, an oxidizable eleictrode 
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720, and -'an icin conductor 730 former overlying an insulating layer 740 such as silicon 
o±idc, silicon nitride, or the like. 

Structure 700 is formed by depositing an indifferent electrode material layer and an 
insulating layer 750 overlying insulating layer 740. A via is then formed through layer 750 
arid el^odeifiaterial foyer 710, using an anisotropic etch process (eg., reactive ion etching 
or ion milling) su6h that the via extends to and/or through a portion of layer 740. The via is 
then -fitted with ion conductor material and is suitably doped to form a solid solution as 
described herein. Any excess ion conductor material is removed from the surface of layer 
750 and electrode 730 is formed, for example using a deposition and etch process. In this 
cdse> the indifferent electrode (cathode during write process) area in contact with ion 
conductor 730 is the siiHace area of electrode 710 about the perimeter of conductor 730, 
rather than the area underlying the ion conductor, as illustrated in Figures 1-2 and 4. 

Figures 9 and 10 illustrate a programmable device 900 having an indifferent 
elfectfbde 910, an bxidizable electrode 920, an ion conductor 930 and insulating layers 940 
and 950 in accordance with yet knbther dmbodiment of the invention. Structure 900 is 
siinilitf to structure 700, except that once a via is formed through layer 750, an isotropic etch 
process (eig., chemical or plasma) is employed to form the via through electrode 910, such 
that a sloped intersection between an ion conductor 930 and electrode 910 is formed. 

Figures 11 and 12 illustrate another programmable device 1100, with a reduced 
electrodertton conductor iritbrfac^ in accordance with the present invention. Structure 1 100 
includes electrodes 1110 arid 1120 and an ion conductor 1130, formed on a surface of an 
insulatirig material ll40, rather than within a via as discussed above. In this case, the 
programmable structure is formed by defining an ion conductor 1130 patter on a surface of 
ini^ating material 1 140 (e;g., using deposition and etch techniques) and forming electrodes 
;.) [ 110 arid i 120, tktf the dettrbdes each contact a portion of the idn conductor. In the 
■ ;/caW 6f tlie; illu^^^ .^bal^dimbiiV eledffbides are formed overlying arid in bohtact with 
both a pdrtiori of the idxi c6riductbr titi the insulating material. Although the thickness of 
the lay ers may be'v&riesd in accordance with specific applications of the device* in a preferred 
embodimerit of the inVfetttiori, the thickness of the ion conductor and electrode films is about 
1 nm to about 100 na Sub-lithographic lateral dimensions of portions of the device may be 
obtained by overexposing photoresist used to pattern the portions arid/or over etching the 
film layer. 
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Figure 13 illu strates a device 1300 in acdordarice with y et another embodiment of the 
inveiitioa Stnicture 1306 is similar to the devices illustrated in Figure 7 and 8, except that 
the cross-sectionaJ area of the ion conductor that is in contact with the electrodes is rediuced 
by fillihg a portion of a vik ivith non-iori conductor material, rather than etching through an 
electf dide lay^sr. 

: Strtictiire 1366 inchides electrodes D10 arid 1320 arid ah ion cbridudtor 1330 formed 
vfttinri Sii inralatirig la^W 1340. In this case, idn Conductor 1330 is formed by creating a 
trench within insulating layer 1340, the trench having a diameter indicated by D2. The 
trench is then filled using, for example, interference lithography techniques or confonnally 
lining the via with insulating material arid using an anisotropic etch process to remove some 
of the insulatirig rii&terial, leaving a via with a diairietef of D3. Structure 1300 formed using 
this technique may have a ion conductor cross sectional area as small as about lOnm in 
contact with electrodes 1310 and 1320. 

Figures 14^17 illustrate another embodiment of the invention, where the cross 
sectional area 6f the ibri conductor/electrode interface is relatively small. Structure 1400, 
llhiMratekl in Jigtire 14, irichides electrodes 1410 arid 1420 and ari ion conductor 1430. 
Structure 1400 is formed in & mariner similar to structure 700, except that the ion conductor 
material is deposited conforxnally, usirig, for example Chemical vapor deposition or physical 
vapor d^ositiori, into a trench, and the trench is not filled with the ion conductor material 

Structure 1500 is similar to structure 1400, except that an ion conductor 1530 is 
fonried by etchirig a portion of ion conductor 1430, such that a via 1540 is formed through to 
electrode 141 6. Structure 1600 is similar to structure 1500 and is formed by confonnally 
depositing the ion conductor material as described above and then removing the ion 
conductor material frbm a surface of insulating material 1450 prior to depositing electrode 
1420 1700 may be formed by selectively deposing the ion 

cbridiictbr 1730 material irito only a portion of the trerich formed in insulating material 1450 
(e g, using angled deposition and/or shadowing techniques), removing any excess ion 
conductor material ah the surface of insulator 1450, and forining ari electrode 1720 
bVferlyirig thfe insulator and iri Contact with ion conductor 1730. 

Figures 18 arid 19 illustrate yet another embodiment of the invention, where a pillar 
Or Wall within a trench is used to reduce a cross-sectional area of the interface between the 
ion conductor and one or more electrodes. Structure 1800, illustrated in Figure 18, includes 
electrodes 1810 and 1820 and an ion conductor 1830 formed within an insulating layer 1840. 
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In addition, stractore 1800 includes a pillar 1850 of insulating material (eg., insulating 
material used to form layer 1 840), formed within a trench within layer 1 840. Structure 1 800 
may be formed using the : shadowed deposition technique discussed above. Structure 1900 is 
similar to structure 1800, except structure 1900 includes a partial pillar 1950 and an ion 
conductor 1930, which fills the remaining portion of the formed trench. 
ts . Figure 20 illustrates yet another structure 2000 in accordance with the present 
invention. Structure .2000 includes electrodes 2010 and 2020 and ah ion conductor 2030 
formed within ah insulating layer 2040. Structure 2000 is formed usihg ah anisotropic or a 
combination of an amsbtropic and an isotropic etch processes to form a tapered via. Ion 
conductor 2030 is then formed within the trench using techniques previously described. 

Figures 21-24 illustrate programmable devices in accordance with yet another 
embodiment of the invention. The structures illustrated in Figures 21-24 include a floating 
electrode, which aUbws multiple bits of information to be stored within a single 
programmable device. 

StWcfure 2l06 includes a first electrode 2110, a second, floating electrode 2120, a 
third electrode 2130, ion conductor portions 2140 and 2150, which may all be formed on a 
substrate or wholly Of partially formed within a via as described above. Although structure 
2100 is Uhistrated.ih a Vertical configuration, the structure may be formed in a horizontal 
coiffiguratidh, similar to structure 1 100. In accordance with one aspect of this embodiment, 
the first and third electrddeS a*e formed of ah ^different electrode and the second electrode 
is formed df ah Oxidizable electrode material. Alternatively, the first and third electrodes 
may be formed of piudizable electrode material and the second, floating electrode may be 
formed of an indifferent electrode material. In either case, the structure includes two "half 
cells," where each haff cell functions as a programmable device described above in 
coM^ctioh with Figtn-ii. r/^ch half cell is preferably configured such that the resistance Of 
^ehaifceli differ!* ^^e^sta^ of tiie o^er half cell when both cells are in an erased 
state. ' '• 

In the Case wheii flbatifig electrode 2120 is formed of oxidizable electrode material, 
bits of data inay be stored as follows, the overall impedance of structure 2100 is 
approximately equal to the resistance of portions 2140 and 2150. When no electrodeposH is 
formed within either portion, this high resistance state may be represent by the state 00. 
When a voltage is applied to structure 2100, such that electrode 2130 is positive relative to 
electrode 21 10 and the applied bias is greater that the threshold voltage required to form an 
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electr6deptosit io portion 2140, an electrodeposit 2160 will form through conductor portion 
2140 from electrode 2110 toward floating electrode 2120 as illustrated in Figure 22. Under 
this condition, £n electrodeposit will not form within conductor portion 21 50 because portion 
5150 is under a reverse bias condition and thus will not support growth of an electrodeposit 
5 The growth of the electrbdeposit will change the impedance of portion 21 40 from Zi to Z% \ 

: thus changing thfe Overall impedance of structure 2100, which may be represent by the state 
01. The current level used to form electrodeposit 2160 should be selected such that it is 
sufficiently low> allowing the electxodeposit to be dissolved upon application of a sufficient 
reverse bias. A third state maiy be formed by reversing the polarity of the applied bias across 

10 electrodes 2110 and 2130, such that most of the vbhage drop occurs across the high 
resistance iojd conductor portion 2150 and formation of an electrodeposit 2170 begins, as 
. illustrated in Figure 2t3, \Vathoirt causing electrodeposit 2160 to dissolve. The impedance of 
portion 2150 changes from Zz to 7si y and the overall impedance of structure 2100 is Z\ phis 
Zi f which itiay be represented by the state 1 1. Once both half cells are in the write state, 

15 electrodeposit 2160 and/or 2170 may be dissolved by applying a sufficient bias across one or 
both df the half c6lls. EJectrodepbsrt 2170 can be erased, for example, by sufficiently 
riegatively biasing elefctrode 2130 with respect to electrode 2110, which may be represented 
by a state 00. The four possible states, along with the current limit used to form the state, are 
represented in table 1 below. 

20 
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Structure 2100 can be changed to 11 from state 10 by applying a low current limit 
25 bias to grow electrodeposit 2150 in portion 2140. Similarly, structure 2100 can be changed 
froin state 11 t6 state 01 by dissolving electrodeposit 2170 by applying a relatively high 
current limit bias such that upper electrode 2130 is positive with respect to lower electrode 
. 2110. Finally, structure 2100 can be returned to state 00 using a short current pulse to 
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^^ritiaUy dissolve elwjtrbdejpoat 2160, using a current which is high enough to cause 
localized heating bf the electibdeposit. This will increase the metal concentration in the 
half-cell but this excess metal can be removed electrically from the cell by plating it back 
dnto the floating electrode, this sequence is Summarized in table 2 below. 
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Other vfcrite and erase sequ&icies sire alsb possible (as are other definitions of the 
various states representeJd by the half-cell impedances). For example, it is possible to go 
from state 00 tb either state 01 or state 10, depending on the write polarity chosen. 
Similarly, it is possible to go frbm state 1 1 to either state 10 or state 01. It is also possible to 
go from state 1 1 to state 00 by the application of a current pulse (in either direction) which is 
high arid short enough to thermally dissolve the electrbdepbsits in both half-cells 
simultaneously. 

In addition to stbring information in digital form, structure 2100 can also be used as a 
nbise-tblerant, low energy anti-fose element for use in field programmable gate arrays 
(FPGAs) and field configurable circuits and systems. Most physical anti-fuse technologies 
infequir t largfe ■ fcuirents and Voltages to make a peAnanerit cbnri^ctiojl thfe need for such high 
e&efg? ^te^^ttinng ^inuli is generally fconM&freii to be sbm^hat beneficial as this 
reduces tilfe litelihood of thfe anti-fiise acdd^ntilly forining i Objection in electrically noisy 
situations. However, the use of high voltages and large currents on chip represent a 
significant problein a$ all components in the ifrogramming circuits are typically sized 
accbrdingiy and the high energy consumption reduces battery life in portable systems. 

Figures 25-29 illustrate structures in accordance with another embodiment of the 
invention in which multiple prograriimable devices include a common electrode (e.g., the 
devices share a common anode or cathode. Forming structures in which multiple structures 
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share a common electrdde is advantageous because such structures allow a higher density of 
cells to be formed on a given substrate surface area. 

Figures 25 and 26 illustrate a Structure 2500, having a horizontal Configuration and a 
common electrode. Structure 2500 includes an electrical connector 2510 coupled to a 
5 common surface elettirbde 2520, electrode 2530 and 2540, and ion conductor portions 2550 
and 2560 dvesriying an initiating layer 2170. SWictlirfe 2500 may be used to forin word arid 
bit lines as described above by forming a row of electrodes (e.g., anodes) coupled to 
cdridfuctbr 2510, and coMnins of oppositely bias electrode^ (e;g., cathodes) running 
perpendicular to deetrodes 2520. A conductive plug, formed of any suitably conducting 
10 material can be used to electrically couple electrode 2520 to conductor 2510. Although 
illustrated with a horizontal configuration, common electrode structures in accordance with 
this embodiment may be formed using strictures having a vertical configuration as described 
herein. 

Figures 27 arid 28 illustrate additional stractures 2700 and 2800 having a common 
1 5 electrode Shared between two or more devices Structures 2700 arid 2800 include a common 
electrode, electrodes 2720 and 2725, ion conductors 2730,2735 and 2830, 2835 respectively, 
and insulating layers 2740 and 2750. Structures 2700 and 2800 may be formed using 
techniques described aboVe in connectibn with Figures 15 and 16 — e.g., by confonrially 
depositing ion conductor material within a trench of an mating layfcr . In accordance with 
20 another embodiment of the invention, directiorial deposition may be used to form a structure 
similar to structure 1700. Structures 2700 arid 2800 each include two programmable devices 
including common electrode 2710 an ion conductor (e.g., conductor 2735) and another 
electrode (e.g., electrode 2725). Dielectric material 2750 is an insulating material that does 
. not interfere with surface electrbdeposit growth, such as silicon oxides, silicon nitrides, and 
: 2S- " ihe likfe. 

FiguYe 29 Illustrates a ^ctute 2900 mctod^ 
2916 formed about a common electrode 2920. Each of the devices 2902-2916 may be 
formed using the method described above in w>nnection with Figure 21. In the embodiment 
illustrated in ftgiife 29, each of electrodes 2930-2936 and 2938-2944 may be coupled 
30 together in a direction perpendicular to the direction of conimbn electrode 2920, such that 
electrode 2920 forms a bit line and electrodes 2930^2936 and electrodes 2938-2944 form 
word lines. Structure 2900 may operate arid be programmed in a manner similar to structure 
2100 described above. 
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In ac^f dance with other embodiments of the present invention, a programmable 
^ODcture or device stores information by storing a charge as opposed to growing an 
electrodeposit. A capacitance of a structure or device is altered by applying a bias across 
electrodes of the device such that positively charged ions migrate toward one of the 
5 electrodes. If the applied bias is less that a write threshold voltage, no short will fonn 
between the dedtrodes; Capacitance of the structure changes as a result of the iofi niigratioa 
Wheh the applied bias is reirioved, the metal ions tend to diftuse away frbm the electrode or 
a barrier prdxiihate the electrode. However, an interface between an ion conductor and a 
barrier is generally imperfect and includes defects capable of trapping ions. Thus, at least a 
1 0 portion of ions remain at or proximate ah interface between a barrier ahd ah ion conductor. 
If a write voltage is reversed, this iotis may suitably be dispersed away from the interface. 

A pfrograirtihable structure in accordance with the present invention may be used in 
many applications which would otherwise utilize traditional technologies such as EEPROM, 
FLASH of DRAM. Advantages provided by the present invention over present memory 
15 techniques include, among other things, Ibwer production cost and the ability to use flexible 
fabrication techniques which are easily adaptable to a variety of applications. The 
programmable structures of the present invention are especially advantageous in applications 
where cost is the primary concern, such as smart cards and electronic inventory tags. Also, 
an ability to foixh the memdry directly oh a plastic card is a major advantage in these 
20 applications as this is generally not possible with other forms of semiconductor memories 

Further, in accordance with the programmable structures of the present invention, 
memory elements may be scaled to less than a few square microns in size, the active portion 
of the device beihg less than on micrbn. This provides a significant advantage over 
traditional serhicbhduttor technologies in vrtrich each device ahd its associated interconnect 
■25 -^ti&el^ 

Additionally, the devices of the presetot inVehtioh riequire relatively low energy and 
do hdt rec(uire "refreshing." thus, the devices are well suitable for portable device 
applications: 

Although the present invention is set forth herein in the context of the appended 
30 drawing figures, it should be appreciated that the invention is not limited to the specific form 
shown. For example, while the programmable structure is conveniently described above in 
connection with programmable memory devices, the invention is not so limited; the structure 
of the present invention may suitably be employed as programmable active or passive 
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devices within a Hkicaroelettronic riraiit; Fu^efinore> although oily some of the ddvicfes are 
illustrated as including buffer, barrier, or transistor components, any of these components 
may be added to the devices of the present invention. Various other modifications, 
variations, aiid enhancements in the design and arrangement of the method and Apparatus set 
forth herein, may be inade /without departing from the spirit and : scope of the presebt 
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CLAIMS 

We claim: 

1. A microdectronic programmable stracture comprising: 

an ion conductor formed of an ion conductive material and conductive ions; 
in oxidizable electrode proximate the ion conductor, and , v 
ain indifferent electrode proximate the ion conductor. 

1 The microelectronic programmable structure of claim i , further comprising a 
buffer layer between the oxidizable electrode and the ion conductor. 

3. The microelectronic programmable structure of claim 2, Wherein the buffer 
layer comprises a material selected from the group consisting of AgxO, Ag^ AgxSe, Ag^Te, 
Where x I> 2, Ag y I, where y k 1, Culj, CuO, CuS, CuSe, Cute, GeOj, and Si0 2 . 

4. The microelectronic programmable structure of claim 1, wherein the 
, ihdiffereht electrode comprises platinum. 

5. The microelectronic programmable structure of claim 1, wherein the 
oxidizable electrode comprises a material selected from the group consisting of a transition 
metal sulfide and a transition metal selenide. 

6. The microelectronic programmable structure of claim 5, wherein the 
.oxidizable electrode further coinprises intercalated silver. 

7. TM iWCT^lectroriic programmable structure of claim 5, wherein the 
oxidizable electrode Cbitnprisfes TaS^. 

8. The irucirbelectrojtuc programmable structure of claim 1, wherein the 
oxidizable electrode comprises Agl. 

9. The microelectronic programmable structure of claim 8, wherein the 
oxidizable electrode comprises excess silver. 
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10. The microelectronic programmable stnicture of claim 1, Wherein the ion 
conductor comprises a solid solution selected from the group consisting of AsjSi-x-Ag, 
CierSei.jrAg, Ge*Si_x-Ag, As^Sj.^Cu, Ge^Sei-^Cu, Ge*Si*-CD, where x ranges from about 
0.1 to about 0.5. 

11. The microelectronic programmable structure of claim 10, wherein the ion 
conductor comprises a filler material 

12. The microelectronic programmable structure of claim 11, wherein the filler 
material comprises a dielectric and is present in the ion conductor at a Volume percent of up 
to about 50 percent: 

13. The microelectronic programmable structure of claim 11, wherein the filler 
material comprises a dielectric and is present in the ion conductor at a volume percent of tip 
to about 5 percent. 

14. The xnicroelectronic programmable structure of claim 11, wherein the filler 
material comprises silver. 

15. The microelectronic programmable structure of claim 1, wherein the ion 
conductor comprises a glass having a composition of Geo.17Seb.g3 to Ge^Se^s. 

16. The inicrodectrordc programmable structure of claim 15, wherein the ion 
cohdiictbr further comprises up to about 34 percent Silver 

17. The microelectronic programmable structure of claim 1, further comprising a 
transistor in contact with one of the oxidizable or the indifferent electrodes. 

18. The microelectronic programmable structure of claim 1> further comprising a 
diode in contact With one of the oxidizable or the indifferent electrodes. 
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19. The microelectronic programmable structure of claim 1, wherein the ion 
cojQchittor is formed within a via in an insulating material layer. 

20. The microelectronic programmable structure of claim 19, further comprising 
a diode formed within the via. 

21. The microelectronic programmable structure df claim 19, wherein the ion 
conductor cdntacts the indifferent electrode about a portion of the perimeter of the ion 
conductor. 

22. The microelectronic programmable structure of claizb 21, wherein the ion 
conductor contacts the indifferent electrode about a sloped portion of the perimeter of the ion 
conductor. 



23. The microelectronic programmable structure of claim 1, wherein the 
indifferent electrode, the oxidizable electrode, and the ion conductor are formed on a surface 
of afc ihsulatirig material layer. 

24. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a via of a first insulating material layer, and wherein the 
programmable structure further comprises a second insulating material formed within the 
Via. 

25. The microelectronic programmable structure of claim i, wherein the ion 
C'6tiduct6r formed along a sidewall of a via formed within an insulating lay er. 

26. The microelectronic programmable structure of claim 1, wherein the ion 
conductor is formed within a sloped via within an insulating material layer. 

27. The microelectronic programmable structure of claim 1, further comprising a 
barrier layer between the indifferent electrode and the ion conductor. 
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28. The microelectronic programmable structure of claim 27, wherein the barrier 
layer comprises a conductive material. 

29. The niicroelectronic programmable structure of claim 27, wherein the barrier 
5 layer comprises an insulating material. 

30. The microelectronic programmable structure of claim 1, wherein surface area 
of the indifferent electrode in contact whh the ion conductor is less than the surface area of 
the oxidizable electrode in contact with the ion conductor. 

16 

31. The midroelectronic programmable structure of claim 1, wherein an interface 
between the indifferent electrode and the ion conductor is roughened. 

32. A multi-cell programmable microelectronic device comprising: 
1 5 a first electrode of a first type; 

a second electrode of a second type; 

a first ion conductive material of a first resistance interposed between the first 
electrode and the second electrode; 

a third electrode of a first type; and 
20 a second ion conductive material of a second resistance interposed between 

the Second electrode and the third electrode. 

.33. The muiti-celi programmable iniCTOele^omc device of claim 32, wherein the 
, -&M:^-itM m ^cSci^ comprise an indifferent electrode material and the second electrode 
i25 comprises an oxidizable electrode material. 

34: The multi-cell programmable nucrOelectrOnic devitfe 6f claim 32, wherein the 
first and third electrodes comprise an oxidizable electrode material and the second electrode 
comprises an indifferent electrode material. 
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35. A multi-cell programmable microelectronic device comprising: 
a plurality of electrodes of a first type; 
a plurality of electrodes of a second type; and 
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a plurality of ion conductor structures, wherein at least one of the plurality of 
iOri conductor structures is interposed between one of the plurality of electrodes of a first 
type arid one of the plurality of electrodes of a second type, arid 

wherein a plurality of electrodes of a first type are electrically coupled 

hier. 



36. the iriulti-cell programmable microelectronic device of claim 35, wherein the 
plurality of electrodes of a first type comprise oxidizable electrode material. 

37. The multi-cell programmable microelectronic device of claim 35, wherein the 
plurality of electrodes of a first ty£e comprise indifferent electrode material. 

38. the multi-cell programmable microelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are formed within a via within an 
insulating material layer. 

39. The multi-cell programmable riiicroelectronic device of claim 35, wherein at 
least a portion of the plurality of ion conductor structures are fonried on a surface of an 
insulating inaterial layer. 

40. A method Of forming a programmable microelectronic structure, the method 
comprising the steps of: 

providing a subistrate; 

forining a layer of electrode material of a first type overlying the substrate; 
forming an insulating layeir overlying the la?ef of electrode material of a first 

fbrimrig a via through the irisiilatirig layer arid the layer of electrode material 

Of affc& type; 

depositing ion conductor material into the via; and 

forming an electrode of a second type overlying the ion conductor material. 

41. the method of claim 40, wherein the step of forming a via includes 
isotropically etching the insulating layer. 
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42. The riiethod bf claim 40, wherein the step of forming a via includes 
ahisotropicilly etching the insulating layer. 

43. The method 6f claim 40, wherein the step of forming a via includes 
isbtiopically etching the layer of electrode material of a first type. 

44. Tie method of claim 40, wherein the step of forming a via includes 
anisotropically etching the layer of electrode material of a first type. 

45. The method of daim 46, further comprising the step of applying a bias across 
the elfectrode material of the first type and the electrode material of the second type to 
Manipulate a concentration of conductive material in the ion conductor. 

46. The method of claim 40, further comprising the step of applying a bias across 
Ihe.eleitirode material of the first type and the electrode material of the second type to 
manipulate an amount of conductive material present in one of the electrode material of the 
firSt type and the electrode material of the second type. 

47. The method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing germanium onto a surface and reacting the germanium with 
HiSe. 

48; The method of claim 40, wherein the step of depositing ion conductor 
material fcbmpriseS depositing arsenic onto a surface and reacting the arsenic with H 2 Se. 

49. The rnethbd of claim 40, whereiii the step of depositing ion conductor 
material comprises depositing germanium onto a surface and reacting the germanium with 

50. the method of claim 40, wherein the step of depositing ion conductor 
material comprises depositing arsenic onto a surface and reacting the arsenic with H 2 S. 
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51. A method of forming a programmable microelectrbruc device, the method 
comprising the steps of: 

forming an ion conductor structure overlying a substrate; 

depositing an electrode material layer overlying the ion conductor structure; 

■ aiia ' ■ ■ ' 

pitit&riwg the electrode material layer to form electrodes in contact with the 
ion conductor ^cture. 

52. The method of claim 51, wherein the step of forming an ion conductor 
structure comprises depositing germanium onto a surface and reacting the germanium with 
HiSe. 

53. A method of forming an electronic device, the method comprising the steps 

of: 

forming a first electrode on a surface of a substrate; 

depositing a first insulating layer over a surface of a the first electrode; 

forming a via in the first insulating layer; 

depositing a second insulating material within a portion of the via; 
depositing ion conductor material within a portion of the via; and 
forming a second electrode overlying the ion conductor. 

54. Thfe m&thod of forming an electronic device of claim 53, wherein the step of 
depositing idh inductor material comprises the step of deposing the ion conductor material 
within a Via formed in the setOnd insulating material. 

:^5.- TTie method of forming an electronic device of Claim 53, wherein the step of 
ddjk^itinjg a sdcbjid Miilatirig material comprises using a directional deposition technique. 

, 56. The method of forming an electronic device of claim 53, wherein the step of 
dq>ositing an ion conductor material comprises foiining a informal layer of ion conductor 
material. 
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57. Theinethod of foming an electronic device of claim 53, further comprising 
the' step of removing a portion of the ion conductor material from a surface of the first 
totaling material. 

56. A method of forming a multi-cell programmable device, the method 

ctfin^ 

forming a first electrode on a surface of a substrate; 
forittiiig a first ion conductor portion overlying the first electrode; 
forming a second electrode overlying the first ion conductor portion; 
forming a sefcctad ion conductor portion overlying the second electrode; and 
fbtftifljg a third electrode oviearlying the second ion conductor portion. 



of: 



59. A method of forming a glass composition, the method comprising the steps 



selecting ab ampoule; 

cleaning the ampoule using hydrofluoric acid; 

drying the ampoule for about 24 to about 120 hours at about 120 °C; 

evacuating the ampoule; 

heating the ampoule until the ampoule turns red; 

filling the ampoule with a charge; 

heating the ampoule to a temperature below the melting temperature of the 
glass constituents; 

damping the temperature at a rate of about 0.5 degrees per minute to a 
temperature about 50 6 C higher than the lkfuidus teoqperature of the glass; and 
* -^^y<*!^8f-;*e glass con^pbaftibn at a rite bf about 20 per minute for a 



35 



V.' Wo,)2/2 i542 PCT/US01/28266 



1/13 



165 



.160 

( 
/ 

T 



112 



114 



160 



120 




V777, 



.155 



140 



150 



130 



4 



Vno 



FIG.1 



PCT/US01728266 



3/13 



CM 




IvliNauuno 



WO 02/21542 



PCT/DS01/28266 




FIG.6 



WO 02/21542 



PCT/US01/28266 



6/13 




FIG.8 



WO 0i/2J542 



PCTAJSOl/28266 




PCT/OSOl/28266 




PCT/USOl/28266 



9/13 




1340 



1350 



FIG.13 




wzzzzmx 



1410 



FIG.14 



1500 




1420 



FIG.15 



FIG.16 



WO 02/21542 



PCT/US0]/2"S26<i 



10/13 



1700 




FIG.17 



1800 





1840 



18 



19 



02/21542 



PCT/US01/28266 



11/13 



2000 2020 

^ V/////A^ 2030 




FIG.20 




2100 



2130 



at:. 




z. 



00 



2140 2160 

S^2iio 



2130 



72% 



2150 
■2140 





z 



-2170 



2160 



I 




-2170 



.21 



SS3-2110 L^V\I 

* o +6 
01 11 10 

FIG.22 FIG.23 FIG.24 




FIG.26 



wo6viis42 



PCT/USOI/2826* 



13/13 




FiG.27 FIG. 28 



2900 




FIG.29 



INtE^ATlbNAL SEARCH REPORT 



Internationa] application No. 
PC17US01/28266 



A. CLASSIFICATION OF SUBJECT MATTER ^ 

n*X7) : H01C7/00 

USCL :i\ia6n^J^^i!il;^i^^y^ 
According lo Iriteirotldi^ PateDt tiasatetkm flPQ or to both national classiftcation an d IPf! 
B>„ l ? tEU>S SEARCHES " " — r """ 



Mtoimum documentation searched (classification system followed by classification symbols) 
U.S. : 338/13,20,80; 257/57; 365/153 ' 



^tocitouon searched other ^ minimum documentation to tte 



fc^nic data basect>r*u^^^ mtemtioaal search (name of data base and, where praaicaWe, search 



terms used) 



C. DOCUMENTS CQNSTOEl^TO^^ 



Category • 



Citation of document, with mtiicaiion, where appropriate, of the relevant passages 



US 6,084,796 A (KOZ3CKI et al) 04 July 2000 (04.07.2000), col. 2, lines 30-50; col. 3, 

lines 2546; cob. 5-6; col. 9; cols. 10, line 60 - col. II, line 6; and Figs. 5D, 6B. 

US 5;846,8fe A (HARBISON et a!) 08 December 1998 (08.12.1998), col. 4, lines 3-15 and 

col. 5, lines 1-31. 

US 5,315,131 A (KJSHIMOTO et aJ) 24 May 1994 (24.05.1994), col. 3, lines 1-26* col 5 
lines 1^47; and figs. UX ' 
US 4,4*9,421 A (WICHELHAUS et al) 06 December 1983 (06.12.1983), Fig. 2. 

US 4,499,557 ACHOLMBERG al) 12 Fiebruary 1985 (12.02,1985), whole document. 



□ 



Rgther documents are listed in the cemtinuation of Box G [_} See patent 



Relevant to claim No. 



1-19,21-46,51-58 
59 

1-3,11,12,17,18,23.27- 
29,31,35-37,39,51 
1.3 

1-58 



annex. 



SpidaAc 



iofdttddot u liiuiii. 



•A* . . dtfto^;ihfc rwcril s&e Wdfr Bkt fctfcta fe not consiftn* b be 

, of paraenbx relevance 



-o- 



carder aftfa&b w pattni pebifetwJ bo or aftrj me 'bbna&toai Bra* oW ' 



_ iwn , _ > rt' *** ls a which b t&td to 
. specified) 



toctoaiinentp^ 

.. (fate ud Dot b conflict wWTite Bfrticatbo but cited to tukutand Are 
frifc^orto»yuuter^^ 

&)cuni^oipajtfc^r^^ . 
wben the ckicmneni b taken alone 



referring to an oral (Ssdosmc; use, exbftfcto or other incam 

r docunicrt pubfiihed prior V ibt tntrxitttkmai 60ng date but later than (be 
prkarirjr da* claimed 



I of particular relevance; the chbacd bra*k* tamoi be 
_ ^ *i to fonroJrc an hnrexrive Hep when the docmnent b 
f nrnMr i rd with one or more other such soch combination 

bdng obvtow » a pemm skiDcd the art 



of die raine patent funDy 



Date of the actual completion of the international search 
07 November 2001. (07.1 1 .2001) 



Date of 



report 



Name and mailing address of the ISA/US 
Commbrfnocr of Patents' and Trademarks 
BoiPCt , . 
Washington; D.C 20231 

Facsimile No. (703) 305-3230 



Authorized officer 
KARL EASTHOM 



Form PCT/1SA/210 (second sheet) (July 1998) 



Telephone No. (703) 308-0956 ^ ^ 



MlW^Afi^UAL SEARCH Ifl^RT 



International application No. 
PCt/USOl/28266 



P?f } ^^fo'* 0 ** ***** cMm were found unsearchable (Continuation of Item 1 of first sheet) 



This raternatfcnal report hasnoibefen established in respect of certain claims under Article l7(2Xa) for the following reasons: 



□ 



□ 



3, 



Claim Nos.: ■ _ . 

because thc^ reliie to subject matter not required to be searched by this Authority, namely: 



aaimNos.t. 

because they relate to parts of me mtiemationa! plication mat do not comply wilti the prescribed requhements to such 
an extent that no meaningful international search cab be carried out, specifically: 



Claim Nos.: 

because they are dependent claims and are" not drafted m accordance with the second and third sentences of Rule 6.4(a). 



Box II Observations where unity of invention is lacking (Continuation of Item 2 of first sheet) 



This mterhational Searcb^g' Aumority found multiple mvenrions in this miernaiional application,, as folrows: 
Please See Cbntfnuatibo Sheet 



I. As all reipired aottttonaj search fees were timely paid by the applicant, this mternational search report covers all 

■ searchable claims. 

As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite' 
payment of any additional fee. 

As only some of the required actional search fees were timely paid by the applicant* this mterriational search report 
covers' only ' tn^'cOaims for which fees were paid/spetf rtcatty claims Nos.: 



: I 



4. (ZD No required additional s^rch fees were timely paid by the applicant. Consequently, this intemational search report i 
restricted to the invention first mentioned in the claims; it is covered by claims Nos.: 

Remark on Protest [T] The additional search fees were accompanied by the applicant's protest 
No protest accompanied the payment of additional search fees. 



Form PCT/1SA/210 (cominuation of first sheet(l)) (July 1998) 



INTCRNAtlONAL SEARCH Rfil^ORT 



International application No. 
PCT/US01/282&S 



BOX II. OBSERVATIONS Wgi^lri^ 

Group I. claims 1-31. town to a microelectronic programmable structure having an km comfooivc material, and oxidizable and 
incbtfeTcnt electrodes 

Group % claims 32^ and 58 town to a multwsil programmable device and method of forming the*** and having or formW three 
electrodes and two ion conductive materials. ^ ^ 

Group ^claims 40-5:2 drawn to two methods of iformmg a programmable structure - by fonning a via and depositing ion conductive 
ntftenai;byparternfogeJ^^ ^ e ,un Donoucuv c 

Group IV. claims 53*57, drawn to' a method of forming an electronic device. 
Group V. claim 59. drawn to a method of forming a glass composition. 

the reaons are that there are no corresrxwMhng te^mical features linking the inventions. Group V is directed to forming a class 
composition; Group IV is drawn to forming an electronic device, Group HI is drawn to several methods of forming proRrammabT 

f G M, * ***** i^unmable devices, and Group I is directed to rmcroelectronic prSnaWe structure 

having an oxidizable and an liKhtTerent dectrode, r wc 



Form PCt/ISA/210 (second sheet) (July 1998) 



